INTRODUCTION {#SEC1}
============

Termination of transcription is essential for avoiding RNA polymerases (RNAPs) from invading neighboring transcription units (TUs) (for recent reviews see ([@B1],[@B2])). It is also a prerequisite for liberating RNAPs from DNA for additional rounds of transcription. In mammalian cells, transcription termination of RNAPII, which synthesizes all cellular m^7^G-capped RNA, is often coupled to the co-transcriptional 3′ end processing of the nascent transcript. This is illustrated by the dependence of proper transcription termination on: (i) transcript cleavage by the 3′ end cleavage and polyadenylation (CPA) complex at polyadenylation (pA) sites of protein-coding (pc) RNAs, (ii) the cleavage of nascent snRNA transcripts by the CPSF73L endonuclease of the integrator complex or (iii) cleavage by the CPSF73 endonuclease of the CPA complex at conserved stem-loops and histone downstream elements of non-polyadenylated replication-dependent histone (RDH) RNAs ([@B3],[@B4]). Transcription often terminates hundreds to thousands of nucleotides beyond these sites, probably due to the time needed for RNA cleavage to occur ([@B1]). For both short and long TUs, this has complicated an exact determination of the molecular mechanism(s) by which RNAPII transcription is finally terminated, because these long termination regions tend to contain a diverse repertoire of signals, possibly providing a combination of events contributing to transcription termination ([@B1],[@B2],[@B5]). Still, it is suggested that RNAPII passage across RNA processing sites induces its transcriptional slow down and that factor exchanges and structural rearrangements within the transcription complex result in the gradual halt of RNAPII, whose release from the DNA template may be aided by the 5′-3′ degradation of the uncapped transcript emanating from the enzyme ([@B1],[@B2]). Other features of the genomic template, such as its chromatin state and its sequence composition are also likely effectors of the transcription termination process ([@B6]). For example, recent data provide evidence that RNAPII release sites coincide with DNA motifs predicted to favor RNAPII backtracking and arrest ([@B5]).

Providing a considerable complication to the overall transcriptional landscape, eukaryotic genomes are pervasively transcribed, both outside of conventional genic regions but also markedly overlapping with traditional gene units in both sense and antisense transcriptional directions ([@B1],[@B2],[@B7]). This puts an added pressure on transcription to terminate, to avoid a transcriptional chaos with possible RNAP interference and collision as well as unwanted production of double-stranded RNA. It also necessitates that many of these pervasive transcription events are not linked to the formation of stable RNA, but rather that transcripts are rapidly targeted for decay. Examples here are promoter upstream transcripts (PROMPTs) and enhancer RNAs (eRNAs), whose RNA 3′ end formation is coupled to the 3′-5′ exonucleolytic degradation by the RNA exosome complex ([@B8]--[@B11]). Although, the CPA and integrator complexes have both been implicated in the termination of PROMPT and eRNA transcription ([@B12]--[@B14]), the exact mechanism remains to be described, as does why such transcription termination events do not link to stable RNA production.

Coupling of pervasive transcription termination to RNA degradation is better understood in *Saccharomyces cerevisiae*, where the RNAPII-associating Nrd1p/Nab3p/Sen1p (NNS) complex can be recruited to short sequence motifs in the nascent RNA to elicit RNAPII termination ([@B2]). A direct interaction between Nrd1p and the RNA exosome, via its Trf4p/5p-Air1p/2p-Mtr4p polyadenylation (TRAMP) co-factor, then establishes an efficient 'hand-over' of the terminated transcript to the nuclear decay machinery ([@B15]--[@B19]). The NNS complex works most efficiently on short TUs, like those producing cryptic unstable transcripts (CUTs) and small nuclear- and nucleolar-RNAs (sn(o)RNAs) ([@B20]). This specificity can be attributed to a generally higher density of NNS complex binding sites within these RNAs as compared to e.g. mRNA 5′ end regions ([@B21]), as well as an interaction of Nrd1p with the Ser5-phosphorylated (Ser5p) C-terminal domain (CTD) of RNAPII, which is prevalent early during the transcription process ([@B20]).

Mammalian cells appear to lack functionally conserved homologs of Nrd1p and Nab3p. However, the RNA binding ARS2 protein was recently discovered to impact transcription termination of a few selected short mammalian TUs, like U2 snRNA and PROMPT genes ([@B22],[@B23]). RNA analyses of ARS2 depleted cells were compatible with a role of the protein in transcription termination ([@B22]--[@B24]) and extensive affinity capture analysis identified strong physical links of ARS2 with the m^7^G-cap binding complex (CBC), forming the CBC-ARS2 (CBCA) complex, as well as with the Zn-finger protein ZC3H18 and the nuclear exosome targeting (NEXT) complex, forming the CBC-NEXT (CBCN) complex ([@B22],[@B23],[@B25]). Thus, like the NNS complex, ARS2 is physically connected to the RNA exosome and its tight association with the CBC might explain its predominant activity on shorter TUs ([@B23]). Unlike the NNS complex, however, ARS2 does not display any apparent selectivity for specific RNA motifs *in vivo* ([@B26]) and its role in transcription termination and 3′ end processing/degradation is presumably coupled to transcript cleavage ([@B22],[@B23]), whereas the transcription termination activity of the NNS complex is triggered by the Sen1p helicase without prior breakage of the nascent RNA chain ([@B27]). Given these conceptual links to the *S. cerevisiae* system, a description of any global role of ARS2 in transcription termination-coupled RNA decay has been warranted.

To examine directly the generality and specificity of ARS2 in transcription termination, we employed chromatin immunoprecipitation sequencing (ChIP-seq) experiments of RNAPII in HeLa cells depleted for ARS2 or its interaction partners ZC3H18 and the core exosome subunit RRP40. In addition to a decline in promoter-proximal associated RNAPII at pc genes in ARS2-depleted cells, our experiments uncovered a general genome-wide role of ARS2 in transcription termination downstream of short snRNA, RDH, PROMPT and eRNA TUs. This result was corroborated by RNA sequencing (RNA-seq) data from the same knock-down samples. Our data also revealed that ARS2, together with its interaction partner ZC3H18, is involved in premature transcription termination events within early regions of pc genes, often giving rise to RNA 3′ ends within the first introns of such TUs. These RNAs are exosome substrates and we conclude that ARS2 generally aids in coupling transcription termination of pervasive transcripts to their rapid turnover.

MATERIALS AND METHODS {#SEC2}
=====================

RNAi {#SEC2-1}
----

All experiments were carried out in HeLa Kyoto cells treated with siRNAs for 36 h, repeating the initial transfection after 24 h.

ChIP and ChIP-seq {#SEC2-2}
-----------------

ChIP was performed as described in ([@B28]), mapped to human genome release 19 (hg19) and coverage computed using the R package Pasha as described in ([@B28],[@B29]). Further details are available as [Supplementary Data](#sup1){ref-type="supplementary-material"}.

RNA and RNA-seq {#SEC2-3}
---------------

RNA was prepared from siRNA-treated HeLa Kyoto cells, RNA-seq libraries prepared and mapped to hg19 using HISAT as described ([@B30]). Further details are available as [Supplementary Data](#sup1){ref-type="supplementary-material"}.

Bioinformatics {#SEC2-4}
--------------

Further details of the bioinformatics analysis are available as [Supplementary Data](#sup1){ref-type="supplementary-material"}.

RESULTS {#SEC3}
=======

ARS2 depletion affects the levels of promoter-proximal RNAPII {#SEC3-1}
-------------------------------------------------------------

To interrogate the genome-wide effect of ARS2 on transcription, we conducted RNAPII ChIP-seq analysis of chromatin derived from duplicate HeLa cell samples depleted by RNA interference (RNAi) of ARS2 (siARS2), ZC3H18 (siZC3H18) or RRP40 (siRRP40) ([Supplementary Figure S1A and Table S1](#sup1){ref-type="supplementary-material"}). As control, ChIP data were collected from cells treated with siRNAs targeting Firefly Luciferase RNA (siFFL). All replicate experiments were generally well correlated ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). In parallel to the ChIP-seq analysis, HeLa cells subjected to ARS2 or ZC3H18 siRNA-mediated depletion ([Supplementary Figure S1C](#sup1){ref-type="supplementary-material"}) were subjected to triplicate rRNA-depleted total RNA-seq. Here, RNA samples from cells administered with siRNAs against EGFP (siEGFP) were used as controls. Similar triplicate RRP40-depletion RNA-seq data, and their corresponding siEGFP control samples, collected previously ([@B30]), were included for comparison in downstream analysis. All RNA-seq samples displayed good reproducibility and distinct phenotypes for the different factor depletions ([Supplementary Figure S1D](#sup1){ref-type="supplementary-material"}).

To overview the RNAPII ChIP-seq data, we first plotted average signals from the respective libraries and their controls over regions from 2 kb upstream to 5 kb downstream of the annotated transcription start sites (TSSs) and transcript end sites (TESs), respectively (Figure [1A](#F1){ref-type="fig"}, top schematics), of the most highly expressed quintile of Refseq annotated pc genes. Data were background subtracted and scaled to the mean signal within gene bodies ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"} and '[Materials and Methods](#sup1){ref-type="supplementary-material"}' section). This revealed the typical pattern of a robust TSS-proximal ChIP peak ([@B31],[@B32]) and a weaker accumulation of RNAPII downstream of the TES (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). A zoom-in of the TSS region exposed a bimodal RNAPII enrichment, reflecting promoter-proximal stalling of forward (peak at ∼+50 bp) and reverse (peak at ∼−250 bp) transcription complexes (Figure [1A](#F1){ref-type="fig"}, insets). Reduced RNAPII occupancy at the TSS-proximal positions compared to gene bodies was highly significant in the siARS2 sample, whereas the siZC3H18- and siRRP40 samples showed only weak phenotypes (Figure [1A](#F1){ref-type="fig"}, bottom panels). This result was observed for many of the expressed genes (Figure [1B](#F1){ref-type="fig"}, [Supplementary Figure S1F and G](#sup1){ref-type="supplementary-material"}).

![(**A**) RNAPII chromatin immunoprecipitation sequencing (ChIP-seq) values from the libraries indicated to the right and plotted in regions 2-kb upstream and 5-kb downstream of TSSs or TESs (see schematics on top with black bars denoting the gene body). The 20% of protein-coding (pc) genes with the highest ChIP-seq promoter signal in the siRNAs targeting Firefly Luciferase (siFFL) library and longer than 7 kb were employed in the analysis (*n* = 1766). Data from 50 bp bins were background subtracted and scaled to the mean signal within gene bodies ([Supplementary Figure S1E](#sup1){ref-type="supplementary-material"}). Values shown are mean signals per position computed for each replicate independently with the area in between the two replicates colored. Insets show zoom-ins of data for regions −400 to +400 bp around TSSs. The broader TSS-proximal peaks in the siARS2 experiments are due to somewhat longer DNA fragments sizes ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Lower panel shows the --log~10~ false discovery rate (FDR), using Benjamini--Hochberg correction of *P*-values from a two-sided paired Wilcoxon rank sum test performed for each position, comparing the factor depletion library to its respective control. (**B**) Genome browser screenshots of the pc genes GAPDH and CCND1 and their surrounding annotations. RNAPII ChIP-seq data from single replicates of the siARS2, siZC3H18 and siRRP40 libraries are shown together with a replicate of the siFFL control from the same experiment. Data are color coded as in (A). All tracks are scaled relative to genome coverage and tracks within groups are scaled to the same range. Promoter-proximal stalling peaks are marked with an asterisk.](gkx647fig1){#F1}

Since we did not employ external spike-ins, the gene body normalization approach only allowed for relative comparisons. Hence, the siARS2 effect could be interpreted as a decrease in RNAPII levels at gene promoters, as an increase inside gene bodies or both. To distinguish between these possibilities, we took advantage of our RNA-seq data and used changes in intronic reads as a proxy for changes in RNAPII transcription activity ([@B33],[@B34]). Hence, we compared log~2~-fold changes (log~2~-FCs) between RNAPII ChIP signals for genes showing significantly up or downregulated levels of intronic reads in the corresponding RNA-seq samples. This provided validation of the employed ChIP-seq scaling procedure by demonstrating a strong correlation between RNAPII ChIP-seq and RNA-seq intronic read analyses in the siARS2 and siZC3H18 samples, in that genes found to be down- or upregulated by RNA-seq were also on average down- or upregulated by ChIP-seq analysis ([Supplementary Figure S1H](#sup1){ref-type="supplementary-material"}). Moreover, consistent with a specific post-transcriptional role of the exosome, the siRRP40 sample showed no significant correlation between ChIP-seq and RNA-seq data. We therefore conclude that ARS2 depletion impacts levels of TSS-associated RNAPII at pc genes, presumably by negatively affecting its promoter loading or its residence time at promoter-proximal stall sites.

snRNA TUs {#SEC3-2}
---------

ARS2 was previously implicated in transcription termination downstream of the TESs of the U2 and U4 snRNA genes ([@B22],[@B23]). We therefore plotted RNAPII ChIP-seq signal, scaled using snRNA gene bodies for normalization, around the annotated TESs of 31 expressed and non-overlapping snRNA genes ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). This revealed a significantly increased RNAPII density, upon ARS2 depletion, in a region app. 1--2 kb downstream of snRNA TESs (Figure [2A](#F2){ref-type="fig"}, left image). No significant effects were visible upon ZC3H18 or RRP40 depletion (Figure [2A](#F2){ref-type="fig"}). Anchoring the ChIP-seq data to annotated snRNA TSSs yielded an indistinguishable result and showed that ARS2 depletion had only minor impact on RNAPII peak signals at these genes ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). The results were confirmed for individual genes ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}) and by heat map representations of the same data (Figure [2B](#F2){ref-type="fig"}). A few snRNA genes appeared to also display a transcription termination phenotype in siZC3H18 samples, whereas RRP40 depletion did not affect RNAPII profiles.

![(**A**) RNAPII ChIP-seq values plotted as in Figure [1A](#F1){ref-type="fig"} but for regions 2 kb upstream and 5 kb downstream the TESs of selected active snRNA genes (*n* = 31, see schematics on top with black bar denoting the gene body). Values were scaled to gene body signals within the selected snRNA genes (see 'Materials and Methods' section). Experiment display as in Figure [1A](#F1){ref-type="fig"}. Calculation of −log~10~ FDRs was done as described in Figure [1A](#F1){ref-type="fig"}, except that a one-sided, paired Wilcoxon rank sum test was used, testing whether ChIP values from depletion samples were higher than the control. (**B**) Heat map representations of log~2~FC between ChIP-seq signals of the indicated factor depletion libraries versus their controls. Data were scaled as in (A). The identities of analyzed snRNA genes are shown to the left. The three U1 annotations refer to Gencode annotations ENSG00000277918.1(\*), ENSG00000273727.1(\*\*) and ENSG00000273768.1(\*\*\*). (**C**) Profile plots of log~2~FC between mean signals of the indicated triplicate RNA-seq libraries and their controls for the sense strand. Genes and regions as in (A). Values were calculated in 50 bp bins and displayed with their 95% confidence intervals (shaded areas). Lower panels show the −log~10~ (FDR) as described in (A). (**D**) Heat map representations and display as in (B) but for RNA-seq libraries, that were tpm normalized as in (C).](gkx647fig2){#F2}

We next examined the RNA-seq data and plotted the sensitivity of depleting a given factor as the ratio between relevant read counts from the respective siRNA-treated libraries and their siEGFP control. Using snRNA TESs as data anchoring points, this revealed a strongly stabilized RNA signal from snRNA gene termination regions of siRRP40-treated cells, consistent with previous reports that 3′ extended snRNAs are substrates of the RNA exosome ([@B22],[@B25],[@B26],[@B30]) (Figure [2C](#F2){ref-type="fig"}). Notably, this occurs in the absence of a discernable transcription termination defect in siRRP40 cells (Figure [2A](#F2){ref-type="fig"}, right image). Heat map representation of the data demonstrated that such exosome-sensitive RNAs are most abundant within 1 kb from the TES, but at times extend downstream of the TES for thousands of nucleotides (Figure [2D](#F2){ref-type="fig"}). Consistent with previous results, ARS2 and ZC3H18 depletion also led to elevated levels of 3′ extended snRNAs, although more modestly than for the RRP40 depletion (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). While this confirms a functional relevance for the CBCN linkage in targeting these RNA species, it also suggests that there are alternative ways for delivering these substrates to the exosome. Finally, the siARS2 sensitivity extended further downstream in the snRNA gene termination regions than the siZC3H18 sensitivity (Figure [2C](#F2){ref-type="fig"}, lower tracks, ∼900 versus ∼450 bp), probably reflecting the dual role of ARS2 in transcription termination and RNA decay. We conclude that ARS2 generally acts in transcription termination downstream of snRNA gene TESs and that this likely leads to RNA exosome targeting.

RDH TUs {#SEC3-3}
-------

We then turned to RDH genes, another class of short TUs, where the absence of an intact CBCA complex has been shown to increase the abundance of RNAs extending beyond their annotated TESs, often leading to their targeting by the RNA exosome ([@B22]--[@B25]). To visualize a potential transcription termination defect, we selected 29 expressed and non-overlapping RDH TUs ([Supplementary Table S3](#sup1){ref-type="supplementary-material"}) and scaled the ChIP data to their gene body regions. Anchoring data to these gene TESs revealed a significant increase of RNAPII in an ∼2-kb downstream region upon ARS2 depletion (Figure [3A](#F3){ref-type="fig"}). Like for snRNA genes, siZC3H18 and siRRP40 administration displayed only minor or no effect and anchoring ChIP-seq data to annotated TSSs revealed no impact on RNAPII peak signals ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Finally, heat map representation of individual RDH genes and single gene inspection demonstrated that the siARS2 effect on transcription termination was general (Figure [3B](#F3){ref-type="fig"} and [Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}).

![(**A**) RNAPII ChIP-seq values plotted as in Figure [1A](#F1){ref-type="fig"} but for regions 2 kb upstream and 5 kb downstream the TESs of selected active RDH genes (*n* = 29, see schematics on top with black bar denoting the gene body). Values were scaled to the gene body signal within the selected RDH gene. Experiment display and FDR calculation as in Figure [2A](#F2){ref-type="fig"}. (**B**) Heat map representations of log~2~FC between ChIP-seq signals of the indicated factor depletion libraries versus their controls. Data were scaled as in (A). The identities of analyzed RDH genes are shown to the left. (**C**) Profile plots of log~2~FC between mean signals of the indicated triplicate RNA-seq libraries and their controls. Genes and regions as in (A). Calculation and display as in Figure [2C](#F2){ref-type="fig"}. (**D**) Heat map representations and display as in (B) but for RNA-seq libraries, that were tpm normalized as in (C).](gkx647fig3){#F3}

RNA-seq data displaying the sensitivity of factor depletion mirrored the siARS2 effect seen by RNAPII ChIP (Figure [3C](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}). Moreover, they showed that ZC3H18 is probably irrelevant for the turnover of these extended RDH RNA species and that the exosome plays a more modest role than in the case of 3′ extended snRNAs. We conclude that transcription termination within RDH gene terminator regions generally responds to the presence of ARS2 although less strongly than at snRNA genes.

PROMPT and eRNA TUs {#SEC3-4}
-------------------

As a final collection of short TUs, we examined regions expressing PROMPTs and eRNAs. Although the biogenesis of these transcripts is normally efficiently coupled to degradation by the RNA exosome ([@B8]--[@B11]), their transcription termination does not appear to follow a uniform mechanism as both the CPA and integrator complexes have been implicated ([@B12]--[@B14]). This probably reflects non-uniform terminator/3′ end processing mechanisms for these very labile RNAs. In addition, PROMPT and eRNA 3′ ends are heterogeneous in nature and hence not well annotated ([@B12]--[@B14]). We therefore anchored the data to the TSSs of 1097 PROMPT and 2552 eRNA TUs as defined by cap analysis of gene expression ([@B9]) and scaled the data relative to RNAPII occupancy within the 500 bp TSS-proximal regions. Like for snRNA and RDH genes, depletion of ARS2 resulted in the increased density of RNAPII in a region of a few kb downstream of PROMPT TSSs (Figure [4A](#F4){ref-type="fig"}, left image). While siRRP40 treatment had no impact on RNAPII levels in such regions, depletion of ZC3H18 yielded a lower but significant effect (Figure [4A](#F4){ref-type="fig"}, right and middle images). The ARS2-depletion phenotype, which was previously observed for one native and one artificially constructed PROMPT TU ([@B22]), was largely visible for all analyzed cases ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Moreover, a strikingly similar result was obtained when visualizing RNAPII ChIP sequence reads anchored to eRNA TSSs, which were not previously interrogated in ARS2-depletion conditions (Figure [4B](#F4){ref-type="fig"} and [Supplementary Figure S4B](#sup1){ref-type="supplementary-material"}). As for PROMPTs, termination of these divergently transcribed TUs was affected to a lower extent by ZC3H18 depletion while RRP40 depletion had no effect.

![(**A** and **B**) RNAPII ChIP-seq values plotted as in Figure [2A](#F2){ref-type="fig"} but for regions 2 kb upstream and 5 kb downstream the TSSs of selected PROMPTs (A, *n* = 1097) and eRNAs (B, *n* = 2552) (see schematics on top). Values were scaled to the ChIP signal within the first 500 bp from the TSS. Experiment displays and FDR calculations as in Figure [2A](#F2){ref-type="fig"}. (**C** and **D**) Profile plots of log~2~FC between mean signals of the indicated triplicate RNA-seq libraries and their controls. Regions as in (A) and (B). Calculation and display as in Figure [2C](#F2){ref-type="fig"}.](gkx647fig4){#F4}

In contrast, RNA-seq sensitivity data revealed a marked RRP40-sensitivity of both transcript types as previously reported ([@B8]--[@B11]) (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}; [Supplementary Figure S4C and D](#sup1){ref-type="supplementary-material"}). A more modest, yet significant, effect was observed for both ARS2 and ZC3H18 depletions. In line with ARS2 exercising a more pronounced effect on RNAPII termination, its depletion led to more elongated transcript stabilization profiles, extending 600--800 bp further than what was observed after ZC3H18 and RRP40 depletion ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). This is the reminiscent of RNA-seq sensitivity profiles downstream of snRNA TESs (Figure [2C](#F2){ref-type="fig"}), although much clearer for PROMPT and eRNAs TUs, likely because of their higher sample sizes. Taken together, this confirms a dual role for ARS2 in transcription termination and RNA decay. Interestingly, ZC3H18 also seems to play a similar, though less prominent, role at these TUs.

Protein-coding TUs {#SEC3-5}
------------------

While reverse-oriented PROMPT transcription from mammalian gene promoters is usually terminated rapidly, forward (e.g. mRNA) transcription is generally more elongation competent, which has been attributed to a decreased density of pA-sites downstream of mRNA compared to PROMPT TSSs ([@B12],[@B14],[@B35],[@B36]). Moreover, 5′ splice site (5′SS) sequences, capable of binding U1 snRNA and suppressing pA site usage ([@B37]), are over-represented in promoter proximal regions downstream of mRNA TSSs largely due to the relatively short length of first exons. However, despite these precautions to delimit transcription termination within pc TUs, cryptic pA sites are to some extent still being utilized ([@B12],[@B37]), giving rise to the detection of exosome-sensitive RNA 3′ ends ([@B14]). Hence, we decided to examine this phenomenon in more detail using our new datasets. Indeed, RNA-seq sensitivity plots supported a 'PROMPT-like' phenotype in these TSS-proximal regions, with prominent siRRP40-, and less pronounced siARS2- and siZC3H18-RNA sensitivity phenotypes largely restricted to a few kb downstream of the mRNA TSSs (Figure [5A](#F5){ref-type="fig"} and [Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). The 'beginning' of these sensitivity profiles occurred at distances downstream of the TSS, in contrast to the rather sharp TSS-anchored sensitivities observed for PROMPTs and eRNAs (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). This is consistent with most spliced mRNAs not being targeted by the RNA exosome, and instead suggested that the sensitive RNA species harbor intronic sequence. To elaborate on this notion, the data were anchored to the 5′ SSs of first and second introns, respectively, which revealed a sharply increased sensitivity at the 5′SS of intron 1 for all three factor depletions, declining with increasing distance from the 5′SS (Figure [5B](#F5){ref-type="fig"}, top panel). In contrast, neither ARS2 nor ZC3H18 depletion impacted RNA sensitivity at, or downstream of, the 5′SS of intron 2 (Figure [5B](#F5){ref-type="fig"}, bottom panel). The modest and uniform stabilization of intron 2 sequence upon RRP40 depletion most likely reflects the activity of the RNA exosome in degradation of some pre-mRNA and/or excised introns ([@B38],[@B39]). Heat maps sorted by intron lengths ([Supplementary Figure S5B and C](#sup1){ref-type="supplementary-material"}), profiles of introns scaled by length ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}) and screenshots of individual examples ([Supplementary Figure S5E](#sup1){ref-type="supplementary-material"}) further confirmed that the RNA sensitivity effect was specific for intron 1 and biased toward RNA 5′ends. The sensitivity was considerably more skewed toward 5′ ends in siRRP40- compared to siARS2 and siZC3H18 samples ([Supplementary Figure S5D](#sup1){ref-type="supplementary-material"}, left panel), possibly reflecting an additional transcription termination phenotype and/or a deficiency in first intron splicing upon depletion of the latter two factors.

![(**A**) Profile plots of log~2~FC between mean signals of the indicated triplicate RNA-seq libraries and their controls for regions 2 kb upstream and 5 kb downstream the TSSs of selected multi-exonic pc genes (*n* = 7233, see schematics on top with black bars denoting exons). Calculation and display as in Figure [2C](#F2){ref-type="fig"}. (**B**) Profile plots as in (A) but anchored at the 5′SSs of first (top) or second (bottom) introns of the set of genes shown in (A). (**C**) Profile plots of transcript isoform sequencing data (TIF-seq)-defined RNA 3′ends in control (siEGFP) or siRRP40/siZCCHC8 double-deplete libraries over the same regions as in (B). Data were collapsed with single genomic positions only counted once. (**D**) Profile plots as in top panel of (B) and stratified for pc genes that contain (top) or lack (bottom) RNA 3′ends in the siRRP40/siZCCHC8 TIF-seq data. (**E**) RNAPII ChIP-seq values plotted as in Figure [1A](#F1){ref-type="fig"} but anchored to first 5′SS and stratified for pc genes that contain (top) or lack (bottom) first intron RNA 3′ends in the siRRP40/siZCCHC8 TIF-seq data. ChIP values were scaled and treated as in Figure [1A](#F1){ref-type="fig"}.](gkx647fig5){#F5}

To address whether RNA-seq sensitivity in the TSS-proximal parts of first introns derives from available RNA 3′ends, we analyzed transcript isoform sequencing data (TIF-seq) ([@B40]) from HeLa cells treated with control siRNA (siEGFP) or cells co-depleted of RRP40 and the NEXT complex component ZCCHC8 ([@B9],[@B25]). Consistent with exosome targeting of RNAs arising from premature transcription termination events, the peak of 3′end tags from the siRRP40/siZCCHC8 TIF-seq library, downstream of first intron 5′SSs, fell in the region of declining RNA-seq sensitivity (Figure [5C](#F5){ref-type="fig"}, top panel; compare to Figure [5B](#F5){ref-type="fig"}, top panel). In contrast, the region downstream of the second intron 5′SS yielded much fewer TIF-seq 3′tags (Figure [5C](#F5){ref-type="fig"}, bottom panel). Moreover, TIF-seq reads from the control library did not show any enrichment of 3′ends within introns 1 or 2. This implies that the RRP40-sensitivity profile visualized by RNA-seq data reflects exosome activity toward transcripts ending mostly within the beginning of first introns. Overall, these results are consistent with previous suggestions that cryptic pA sites reside primarily in intronic sequence within 5 kb of pc gene TSSs ([@B37]).

Since TIF-seq yields both 5′- and 3′-end identities of individual transcripts due to its dual cap and poly(A) tail enrichment steps, we were able to address whether the exosome-sensitive RNA 3′ends within first introns resulted from transcription events initiating at annotated pc gene TSSs or whether they might derive from overlapping short TUs; e.g. local enhancer-like activities. We therefore compared TIF-seq derived 5′ends of fragments with mate 3′ends mapping at the annotated TES ±100 bp, reflecting full length transcripts ([Supplementary Figure S5F](#sup1){ref-type="supplementary-material"}), to those with 3′end mates inside first introns, reflecting premature transcription termination ([Supplementary Figure S5G](#sup1){ref-type="supplementary-material"}). This analysis showed that 5′ends for both classes stem commonly from annotated pc gene TSSs, although downstream starts sites also contribute to prematurely terminated and exosome-sensitive transcripts. Moreover, only transcripts with intronic 3′ends were exosome-sensitive ([Supplementary Figure S5F and G](#sup1){ref-type="supplementary-material"}). Thus, a subset of correctly initiated transcription events terminate prematurely and yield exosome-sensitive transcripts.

To analyze whether ARS2 is involved in such premature transcription termination, we divided the analyzed pc genes into those exhibiting TIF-seq 3′ends within first introns and those that did not. RNA-seq sensitivity profiles confirmed the production of sensitive transcripts from the former and to an only minor extent from the latter of these gene groups (Figure [5D](#F5){ref-type="fig"}). Interestingly, similarly anchored RNAPII ChIP-seq data demonstrated increased levels of RNAPII downstream the first 5′SS upon ARS2 and ZC3H18 depletions specifically for the gene set with TIF-seq 3′ends in intron 1 (Figure [5E](#F5){ref-type="fig"}). We therefore conclude that ARS2 and ZC3H18 partake in early premature transcription termination events of pc genes, giving rise to RNAs, whose intronic 3′ends are targeted by the RNA exosome.

DISCUSSION {#SEC4}
==========

Limiting the pervasive transcription of eukaryotic genomes necessitates efficient transcription termination and its swift coupling to RNA turnover in cases where longer transcript half-lives are not warranted. The ability of ARS2 to interact both with the CBC of nascent transcripts and with the RNA exosome targeting NEXT complex, positions the protein favorably to play an active role in such coupling. Indeed, ARS2 depletion was previously shown to lead to elevated levels of otherwise labile PROMPTs and to reduce the efficiency of transcription termination of a few individual short TUs ([@B22]--[@B24]). Here, we demonstrate that such ARS2 depletion phenotype extends to a broad variety of short TUs and we therefore suggest that the protein is a general suppressor of pervasive transcription as well as of pervasive transcripts (Figure [6](#F6){ref-type="fig"}).

![Roles of ARS2 in suppressing pervasive RNA production as described in this paper. (**A**) ARS2 and ZC3H18 impact promoter-proximal stalling of RNAPII at pc genes as well as PROMPT and eRNA TUs. (**B**) ARS2 impacts transcription termination downstream of snRNA, RDH, PROMPT and eRNA TUs as well as inside intron 1 of pc genes. (**C**) ARS2, ZC3H18 and the RNA exosome cooperate in the decay of 3′extended snRNAs, PROMPTs, eRNAs and RNAs with 3′ends inside first introns of pc genes. As indicated, decay of some species may also occur via direct exosome targeting by the NEXT complex. Note also that ZC3H18 appears dispensable for targeting of RDH gene-derived species. The fact that ARS2 appears to preferentially act on short TUs is indicated at the bottom of the figure. See text for details.](gkx647fig6){#F6}

Our ChIP data revealed that ARS2 depletion also results in diminished levels of RNAPII at promoter proximal positions of pc genes (Figure [6A](#F6){ref-type="fig"}). However, the data do not allow discriminating whether this is due to reduced promoter-proximal pausing, increasing elongation or a decrease in RNAPII loading at the promoter. Regarding the latter possibility, we note that a transcription-activating role of ARS2 was previously reported for the Sox2 gene in neural stem cells ([@B41]). Due to its impact on transcription termination of even very short TUs, ARS2 presumably associates with the nascent RNA immediately after its 5′end capping and CBC binding. By inference, ARS2 is likely to be present in RNA protein particles (RNPs) forming at capped transcript 5′ends during early stalling of RNAPII ([@B42]). Absence of ARS2 here might, directly or indirectly, affect the activity of factors involved in RNAPII stalling or stall site-release. It is for example, interesting to note that ARS2 associates with 7SK RNA ([@B24]), which sequesters the early transcription elongation factor P-TEFB in its inactive form ([@B43]). P-TEFB has also been reported to associate with the CBC ([@B44]). Hence, various models, involving either direct contacts of ARS2 with stalling/elongation factors or the mutual competition of relevant factors for CBC binding ([@B26]) can be formulated and are testable to delineate the exact mechanisms underlying the observed effect of ARS2 depletion. It will also be important to elucidate whether this impact of ARS2 on early RNAPII activity contributes to the ensuing reduction of premature termination of pc gene transcription induced by ARS2 depletion. The probability of factors to bind the nascent 5′RNP is expected to depend on RNAPII promoter-proximal residence time and thus likely to influence downstream events ([@B45]).

ARS2 and ZC3H18 associate in the CBCN complex, which further recruits the RNA exosome ([@B22]). To address any phenotypic relationships of these factors, we therefore included depletions of ZC3H18 and the exosome subunit RRP40 in our experimentation. For all gene classes tested, RRP40 depletion yielded no, or only marginal, changes of RNAPII ChIP signals. Instead, levels of 3′extended snRNAs and RDH RNAs, PROMPTs, eRNAs and short promoter-proximal transcripts within pc TUs all increased upon RRP40 depletion. This is consistent with previous analysis ([@B8],[@B10],[@B11],[@B22],[@B25],[@B46]) and establishes the exosome as a strict post-transcriptional player in the suppression of these transcripts, which presumably can be targeted in CBC-dependent and -independent ways (Figure [6C](#F6){ref-type="fig"}). For PROMPTs, eRNAs and within pc gene units, ZC3H18 depletion mimicked both transcriptional and post-transcriptional effects of ARS2 depletion (Figure [6A](#F6){ref-type="fig"}), although to a lesser extent, and for snRNA genes, ZC3H18 depletion only yielded a detectable effect at the RNA level. Since ARS2 protein levels are not affected by ZC3H18 knock-down ([@B22]), we suggest that the ZC3H18 depletion phenotype is related to its direct physical association with ARS2 ([@B26]), and that its more moderate impact might be due to the presence of functionally redundant factors or the possible shielding of its depletion phenotype by compensatory mechanisms.

As demonstrated in this paper, and consistent with earlier findings, ARS2 depletion-induced transcription termination phenotypes appear to be restricted to rather short TUs ([@B22],[@B23]) (Figure [6B](#F6){ref-type="fig"}). That is, no noticeable transcription defects could be detected downstream of annotated mRNA TESs generally positioned quite distal from their partner TSSs (data not shown). Perhaps ARS2 function is more effective in TSS-proximal regions owing to its intimate link to the CBC. In addition, 3′end processing and transcription termination at the ends of conventional pc genes are efficiently aided by an optimally modified CTD of the largest RNAPII subunit, perhaps making ARS2 activity inconsequential in these cases. Such ability of more efficient 3′end processing reactions to cancel out ARS2 activity may also be reflected by the relatively modest effect of ARS2 depletion on both RNA and RNAPII levels downstream the TESs of our analyzed RDH genes. These often occur in clusters requiring efficient 3′end formation/transcription termination to avoid cross-interference and RDH RNA 3′end processing factors locally concentrate to facilitate effective 3′end formation of these transcripts ([@B47]), which may compensate for the short stature of these genes.

The above considerations beg the question: which DNA/RNA signals do ARS2 actually react to? Although a precise answer is still elusive, it is interesting to note that: (i) ARS2 does not appear to be a *bona fide* member of any known 3′end processing machinery, (ii) ARS2 depletion affects TUs that are presumably employing diverse terminators and (iii) ARS2 depletion also impacts transcript decay by coupling to the NEXT complex. Thus, it is tempting to speculate that the protein exercises its function at 3′end processing sites/transcription terminators that are positioned in non-optimal settings. In the case of PROMPTs, harboring TSS-proximal pA sites, ARS2 may respond to these because of an inefficient CPA complex, functioning non-optimally due to unfavorable RNAPII post-translational modifications. For eRNAs, harboring TSS-proximal integrator sites, these may not operate ideally due to inefficient promoter-terminator pairing, which is known to be important for proper integrator processing at e.g. snRNA 3′ends ([@B48]). In such a model, ARS2 would facilitate transcription termination and transcript turnover early in the transcription process, where RNAPII has not yet gained sufficient transcription elongation capacity and where terminator-like signals are not presented in a context yielding stable RNA production (Figure [6](#F6){ref-type="fig"}). An accessory role of ARS2 is also consistent with the fact that the transcription termination phenotype triggered by ARS2-depletion is mild compared to the phenotypes instigated by CPSF73- or CPSF73L-depletions at their respective targets ([@B13],[@B49]). Such 'fragile' RNAPII complexes have been suggested to exist in *S. cerevisiae* ([@B50]). In this context, RNA splicing may be viewed as an event improving RNAPII elongation capacity, consistent with our observation that ARS2 responsiveness within pc genes decreases upon splicing of the first intron; i.e. RRP40-sensitive RNA 3′ends are more plentiful in first than second intronic regions.

This last point again highlights, that transcription, even in the context of pc gene sequences, quite frequently terminates prematurely ([@B12],[@B14],[@B37]). We demonstrate here that the derived exosome-sensitive RNA 3′ends most often arise from transcription events initiating at, or close to, annotated TSSs, ruling out any cryptic intergenic transcription. This phenomenon of transcription attenuation is well known from *S. cerevisiae* where e.g. the NNS complex autoregulates Nrd1p levels by terminating *NRD1* gene transcription prematurely when Nrd1p levels are high ([@B51]). Such gene regulation also appears to play a more general role upon changing growth conditions in *S. cerevisiae* ([@B52]). Determining the extent to which this occurs in higher eukaryotes and whether ARS2 is a central factor in such regulation will be a matter of future analysis.
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